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The vesicular stomatitis virus (VSV) L polymerase protein possesses two methyltransferase (MTase) activities, which catalyze the
methylation of viral mRNA cap structures at the guanine-N7 and 2′-O-adenosine positions. To identify L sequences required for the MTase
activities, we analyzed a host range (hr) and temperature-sensitive (ts) mutant of VSV, hr8, which was defective in mRNA cap methylation.
Sequencing hr8 identified five amino acid substitutions, all residing in the L protein. Recombinant VSV were generated with each of the
identified L mutations, and the presence of a single G1481R substitution in L, located between conserved domains V and VI, was sufficient to
produce a dramatic reduction (about 90%) in overall mRNA methylation. Cap analysis showed residual guanine-N7 methylation and reduced
2′-O-adenosine methylation, identical to that of the original hr8 virus. When recombinant viruses were tested for virus growth under
conditions that were permissive and nonpermissive for the hr8 mutant, the same single L mutation, G1481R, was solely responsible for both
the hr and ts phenotypes. A spontaneous suppressor mutant of the rG1481R virus that restored both growth on nonpermissive cells and cap
methylation was identified and mapped to a single change, L1450I, in L. Site-directed mutagenesis of the region between domains V and VI,
amino acids 1419–1672 of L, followed by the rescue of recombinant viruses identified five additional virus mutants, K1468A, R1478A/
D1479A, G1481A, G1481N, and G1672A, that were all hr and defective in mRNA cap methylation. Thus, in addition to the previously
characterized domain VI [Grdzelishvili, V.Z., Smallwood, S., Tower, D., Hall, R.L., Hunt, D.M., Moyer, S.A., 2005. A single amino acid
change in the L-polymerase protein of vesicular stomatitis virus completely abolishes viral mRNA cap methylation. J. Virol. 79, 7327–7337;
Li, J., Fontaine-Rodriguez, E.C., Whelan, S.P., 2005. Amino acid residues within conserved domain VI of the vesicular stomatitis virus large
polymerase protein essential for mRNA cap methyltransferase activity. J. Virol. 79, 13373–13384], a new region between L amino acids
1450–1481 was identified which is critical for mRNA cap methylation.
© 2006 Elsevier Inc. All rights reserved.Keywords: VSV; mRNA cap methylationIntroduction
Vesicular stomatitis virus (VSV, a rhabdovirus) is a
prototypic nonsegmented negative-strand (NNS) RNA virus
belonging to the order Mononegavirales. VSV has an RNA
genome of 11,161 nucleotides that is tightly encapsidated by the
nucleocapsid (N) protein into the nuclease-resistant nucleocap-
sid, which serves as the template for the sequential transcription⁎ Corresponding author. Fax: +1 352 846 2042.
E-mail address: smoyer@ufl.edu (S.A. Moyer).
1 Present address: Vaccinex, Inc., Rochester, NY 14620.
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doi:10.1016/j.virol.2006.02.021of N, P, M, G, and L mRNAs and for genome replication. Due to
the genome polarity, VSV packages in the virion the virus-
encoded RNA-dependent RNA polymerase which consists of
the phosphoprotein (P) and the large (L, 2109 amino acids)
protein (Rose and Whitt, 2001). The cytoplasmic localization of
VSV transcription and replication and the fact that the viral
RNA polymerase in detergent-disrupted purified virions
mediates production of normally processed mRNA transcripts
in vitro suggest that all the activities associated with the
synthesis and modification of viral RNA are virus-encoded
(Rose and Whitt, 2001). The P protein has several cofactor
functions including its role in the folding of L, while the L
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activities include viral genome replication, mRNA transcription
initiation, elongation, termination, and the modifications of
mRNA by 3′-polyadenylation and 5′-capping and cap methyl-
ation since many site-directed mutations in the L protein of
VSV and other NNS RNA viruses were shown to abolish some
or all of the activities of the viral RNA polymerase (Rose and
Whitt, 2001).
The VSV RNA polymerase methylates viral mRNA cap
structures at the guanine-N7 and 2′-O-adenosine positions,
normally generating 7mGpppAm caps (Moyer et al., 1975;
Rhodes et al., 1974; Rhodes and Banerjee, 1975). Through
the characterization of two host-range (hr) mutants of VSV,
hr1 and hr8, our laboratory previously showed that cap
methylation at both the guanine-N7 and 2′-O-adenosine
positions are catalyzed by the L protein (Horikami and
Moyer, 1982; Hercyk et al., 1988). The mechanism of VSV
cap methylation is still unknown, and available predictions
and experimental data are in conflict. For example, in contrast
to the cellular cap methylation machinery, the order of cap
methylation during VSV transcription in vitro was shown by
Testa and Banerjee to be GpppA → GpppAm → 7mGpppAm
(Testa and Banerjee, 1977). However, the alternative order
GpppA → 7mGpppA → 7mGpppAm was shown to occur
during VSV transcription in vitro (Hammond and Lesnaw,
1987) and in vivo (Moyer, 1981). The relative positions of
the cap guanine-N7 and 2′-O-adenosine catalytic domains
within the L protein are also unknown. Two independently
conducted computational analyses proposed that conserved
domain VI in the L protein of VSV and other Mononegavir-
ales is specifically associated with a cap 2′-O-adenosine, but
not the guanine-N7, MTase function (Bujnicki and
Rychlewski, 2002; Ferron et al., 2002). Contrary to this
prediction, recent analysis of the Sendai virus (paramyxovi-
rus) L protein showed that the C-terminal portion of the L
protein retaining only domain VI exhibited the cap guanine-
N7, but not the 2′-O-adenosine MTase activity (Ogino et al.,
2005). Finally, our recent analysis of a VSV hr and
temperature-sensitive (ts) mutant, hr1, showed that a single
amino acid (aa) substitution (D1671V) in the putative
AdoMet-binding motif located within domain VI of the
VSV L protein completely abolished viral mRNA cap
methylation at both the guanine-N7 and 2′-O-adenosine
positions (Grdzelishvili et al., 2005). Similarly, substitutions
at the conserved positions K1651, D1762, K1795, and E1833
within domain VI of L resulted in defective mRNA capTable 1
L protein sequence differences of wt VSV, the original hr8 host range mutant and r
Amino
acid
number
wt
VSV
Orig.
hr8
Recombinant VSV
rHR8-0 rHR8-1 rHR8-2 rHR8-3
148 Thr Ala Ala Thr Thr Thr
1097 Thr Ile Thr Ile Thr Thr
1356 Ala Asp Ala Ala Asp Ala
1375 Tyr Ser Tyr Tyr Tyr Ser
1481 Gly Arg Gly Gly Gly Glymethylation at both the guanine-N7 and 2′-O-adenosine
positions (Li et al., 2005).
In this study, we analyzed another hr mutant of VSV, hr8,
which, unlike hr1, exhibited partial activity in cap 2′-O-
adenosine methylation but a nearly complete defect in a cap
guanine-N7methylation (Horikami and Moyer, 1982; Horikami
et al., 1984). To determine whether hr8 cap methylation defects
were also caused by mutations in domain VI of L (Grdzelishvili
et al., 2005), we conducted sequencing and functional analysis
of the hr8 mutant and identified a single aa change in an
uncharacterized region of the L protein that was solely
responsible for the defects in viral mRNA cap methylation
and for the hr and ts phenotypes of hr8. Mapping of a
suppressor mutant of hr8 and site-directed mutagenesis has
identified a new region between conserved domains Vand VI of
L that is critical for mRNA cap methylation.
Results
Sequence analysis of the hr8 mutant
The stocks of the original hr8 mutant and its wild-type (wt)
parent (VSV Indiana serotype) were supplied by R.W. Simpson,
Rutgers University (Simpson and Obijeski, 1974). To identify
hr8 mutations, hr8 and wt viruses were grown under the
permissive conditions (BHK cells, 34 °C), released viruses were
purified, and genomic RNAwas isolated. The N, P, and L genes
were sequenced using VSV-specific primers and RT-PCR.
When the sequences for hr8 and wt VSV were compared, there
were only five mutations leading to the aa changes in hr8, which
all resided within the L open reading frame (Table 1). The
localization of the hr8 mutations in the L gene is in agreement
with our previous results demonstrating that hr8 has defective
mRNA cap MTase activities (Horikami and Moyer, 1982;
Horikami et al., 1984).
A single G1481R mutation in the L protein is responsible for
the hr8 defects in mRNA cap methylation
To identify a specific mutation (or mutations) responsible for
the methylation defects, the hr8 L mutations were introduced
separately or in various combinations into the VSV (Indiana)
full-length antigenomic cDNA plasmid, and recombinant (r)
viruses bearing the L mutations (Table 1) were recovered and
plaque-purified. VSV wt, the original hr8 mutant, and the
recombinant viruses were grown under permissive conditionsecombinant VSV
rHR8-4 rHR8-0, 1, 2, 3 rHR8-1, 2, 3, 4 rHR8-0,1, 2, 3, 4
Thr Ala Thr Ala
Thr Ile Ile Ile
Ala Asp Asp Asp
Tyr Ser Ser Ser
Arg Gly Arg Arg
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and methods. To independently assay for the ability of mutant L
proteins to synthesize and methylate viral mRNA, in vitro
transcription reactions with detergent-activated viruses were
carried out with either [α32P]CTP as the labeled substrate to
assay for mRNA synthesis (Fig. 1A) or [3H]AdoMet as the
labeled substrate to assay for mRNA cap methylation (Fig. 1B).
The transcription products were purified, and either quantitated
after DEAE paper binding (Fig. 1C) or visualized after gel
electrophoresis (Figs. 1A, B).Fig. 1. In vitro mRNA synthesis and mRNA methylation with detergent-
activated purified mutant VSV. Equal amounts of purified wt or mutant
(recombinant or original hr8) viruses were detergent-disrupted and used for in
vitro mRNA synthesis in the presence of [α32P]CTP (A) or [3H]AdoMet (B) as
described under Materials and methods. The labeled RNA products were
purified, separated by agarose–urea gel electrophoresis and visualized by
autoradiography (A) or fluorography (B). The “mock” sample had all reaction
components without virus. The positions of the N and P mRNAs are indicated.
(C) The relative levels of mRNA synthesis (black bars) and mRNA methylation
(gray bars) by mutant viruses were measured by [α32P]-RNA (for mRNA
synthesis) or [3H]-RNA (for mRNA methylation) binding of aliquots of each
reaction to DEAE-cellulose paper and scintillation counting. Data from four
experiments are expressed as the percent relative to wt virus as 100%, with the
error bars indicated.In agreement with our previous data, the original hr8
mutant exhibited somewhat reduced (∼50% of wt) mRNA
synthesis (Figs. 1A, lane 11, and C) (Horikami and Moyer,
1982). As expected, a similar reduction in mRNA synthesis
was found for the rHR8-0, 1, 2, 3, 4 virus, which recreated the
original hr8 L sequence (lane 10). RNA synthesis was
reduced, with the exception of rHR8-2, to varying degrees
with each of the viruses with single mutations, especially for
rHR8-4, which was only 30% of wt virus (Fig. 1A, lanes 2–7).
Surprisingly, the single mutation in rHR8-4 inhibited viral
mRNA synthesis to a higher degree alone than when it was
present together with other mutations (lanes 7–10), suggesting
that the other changes may have compensated for the defects.
This compensation was probably due to the presence of the
HR8-2 mutation as the single mutant rHR8-2 exhibited
transcription activity higher than wt VSV (Figs. 1A, lanes 2
and 5, and C).
When the hr8 L mutations were tested for their effects on
mRNA cap methylation during in vitro transcription, most of
the viruses with individual L changes gave a level of
methylation proportional to or actually stimulated relative to
the amount of RNA synthesis (Figs. 1B, lanes 2–6, 8, and C). In
contrast, the G1481R mutation alone in rHR8-4 or in
combination with other mutations resulted in a more than
90% reduction in [3H]Met incorporation into viral mRNA,
similar to that of the original hr8 virus (Figs. 1B, lanes 7, 9–11,
and C). Thus, the stimulation of RNA synthesis by the addition
of the other changes to rHR8-4 did not rescue methylation. To
confirm that mRNA methylation defect in rHR8-4 was
independent of the reduction in mRNA synthesis, an in vitro
transcription reaction with both [α32P]CTP and [3H]AdoMet
was conducted, and a similar 3H/32P ratio was observed, as in
Fig. 1C. The [3H]AdoMet labeled mRNA produced from each
virus was digested with P1 nuclease to release mRNA caps, and
the products were resolved by TLC as described under
Materials and methods. In agreement with previous studies
(Abraham et al., 1975; Horikami and Moyer, 1982; Testa and
Banerjee, 1977), based on radioactivity, wt mRNA had about an
equal mixture of GpppAm (55%) and the fully methylated
7mGpppAm (45%) caps (Fig. 2A, lane 1). Similar results were
obtained for the mRNA from rHR8-0, rHR8-1, rHR8-2, rHR8-
3, and rHR8-0, 1, 2, 3 (Fig. 2A, lanes 2–5 and 7). However, the
original hr8 mutant and all recombinant viruses bearing the
G1481R mutation (HR8-4) produced a low amount of cap
methylated at the 2′-O-adenosine position (GpppAm, 10% of
wt) and severely reduced (1% of wt) methylation at the guanine-
N7 position (Fig. 2A, lanes 6, 8–10).
Our previous data suggested that the mutations in hr8 virus
did not affect capping by the viral RNA polymerase
(Horikami and Moyer, 1982). Nevertheless, we decided to
confirm that the individual L mutations did not affect capping,
which is a prerequisite for the [3H]Met incorporation into
mRNA. In vitro transcription by detergent-activated purified
viruses was conducted with [α32P]GTP (in the absence of
AdoMet) in order to label the GpppA caps. The mRNA
products then were purified, quantitated by scintillation
counting, normalized to similar [32P] counts, and treated
Fig. 2. Analysis of mRNA cap structures produced by mutant VSV. (A) The
indicated detergent-activated purified viruses were used for in vitro mRNA
synthesis in the presence of [3H]AdoMet. The RNA products were purified and
digested with nuclease P1, the products were spotted onto PEI plates (origin is
indicated) and analyzed by TLC, along with cap standards. The separated
products were visualized by fluorography. The positions of the markers
(developed under UV light) are indicated. (B) Equivalent amounts of [α32P]
GTP-labeled viral mRNA produced in the absence of AdoMet by the indicated
detergent-activated purified viruses (lanes 3–13) or uncapped mRNA controls
(lanes 1–2) were digested with TAP to remove the 5′-terminal GMP specifically
from the capped mRNAs (lanes 2, 4–13) or incubated with the same reaction
components but in the absence of TAP (lanes 1 and 3). The TAP digestion
products were spotted onto PEI plates and analyzed by TLC, along with
unlabeled GMP standard. The positions of the GMP marker (developed under
UV light) and undigested mRNA at the origin are indicated.
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removal of the 5′-terminal GMP from the mRNA cap, as
previously described by Grdzelishvili et al. (2005). The
products of TAP digestion were separated by TLC, as
described under Materials and methods. No release of [32P]
GMP was observed in either absence or presence of TAP with
an uncapped [α32P]GTP labeled T7-directed VSV N transcript(Fig. 2B, lanes 1 and 2), confirming the strict specificity of
TAP for capped mRNAs (Efstratiadis et al., 1977; Shinshi et
al., 1976). wt RNA was not digested in the absence of TAP,
however, TAP digested the mRNA transcribed by each virus
as shown by the release of GMP (Fig. 2A, lanes 3–13),
showing that each mRNA was capped at the 5′-end regardless
of the L mutation. The variable amounts of GMP released was
the result of the imperfect normalization of RNA treated with
TAP as the ratios of GMP to RNA determined by scintillation
counting of these products (Fig. 2B) were similar for all tested
viruses.
A single G1481R mutation in L determines the hr and ts
phenotypes of the hr8 mutant
The original characterization of the hr8 mutant by Simpson
and coworkers showed severely restricted growth of this mutant
in HEp-2 cells at 34 °C and in the permissive cell lines (e.g. in
BHK) at the nonpermissive temperature, 40 °C (Obijeski and
Simpson, 1974; Simpson and Obijeski, 1974; Simpson et al.,
1979). To identify a specific mutation (or mutations) in the hr8
L responsible for the hr and ts phenotypes, wt VSV, the original
hr8 mutant, and the recombinant viruses were titered on BHK
and HEp-2 cells at 34 °C and 40 °C. As shown in Table 2, the
yields of rHR8-4, rHR8-1, 2, 3, 4 and rHR8-0, 1, 2, 3, 4 viruses,
all having the G1481R substitution in the L protein, were
severely reduced in HEp-2 cells at both temperatures and in
BHK cells at 40 °C, producing the original hr8 virus
phenotypes. In contrast, all the other mutants, including
rHR8-0, 1, 2, 3, which have all the substitutions except
G1481R, produced wt phenotypes (Table 2). These data show
that a single G1481R mutation in the L protein is solely
accountable for both the hr and ts phenotypes as well as the
methylation defect of the hr8 mutant.
A suppressor mutant of rG1481R maps to aa 1450 in the
L protein
Another method to identify sequences in the VSV genome
that might participate in mRNA cap methylation is to select for
spontaneous suppressor mutants of known MTase deficient
viruses. Accordingly, multiple passages of the rD1671V [rHR1-
1] (the essential aa in hr1 mutant, Grdzelishvili et al., 2005) and
rG1481R [rHR8-4] viruses on nonpermissive HEp-2 cells at the
permissive temperature (34 °C) were performed until cell killing
was observed in some samples, as with wt VSV. These
supernatants were titered on HEp-2 cells. While we were unable
to isolate any suppressors of the rD1671V virus, in independent
experiments, mutants were isolated from rG1481R virus that
regained the ability to grow normally on HEp-2 cells. Twenty-
four plaques were picked, the viruses were amplified, and the L
gene between domains V and VI was sequenced after RT-PCR.
The majority of the sequenced viruses had reverted the mutation
to the wt aa (G1481), however, two independent viruses were
identified where G1481R was retained, and in both viruses,
there was one additional mutation, L1450I. The L gene of each
of these viruses was completely sequenced, and no other aa
Table 2
Comparative titers of recombinant VSV mutants in BHK and HEp-2 cell lines at 34 °C and 40 °C
Virus Virus titer (PFU/ml)
in BHK cells
Virus titer (PFU/ml)
in HEp-2 cells
Titer ratio
34 °C/40 °C in BHK
Titer ratio
34 °C in BHK/HEp-2
34 °C 40 °C 34 °C 40 °C
wt 2.6 × 109 6.0 × 108 6.5 × 107 8.0 × 106 4.3 40.0
rHR8-0 8.0 × 108 7.0 × 108 1.5 × 107 1.5 × 106 1.1 53.0
rHR8-1 6.0 × 109 6.0 × 109 1.1 × 108 4.5 × 106 1.0 54.5
rHR8-2 2.0 × 108 2.0 × 108 5.5 × 106 1.2 × 106 1.0 36.4
rHR8-3 3.5 × 109 2.0 × 109 1.1 × 108 8.0 × 106 1.8 31.8
rHR8-4 3.0 × 109 <103 6.0 × 104 <103 >3.0 × 106 5.0 × 104
rHR8-0, 1, 2, 3 3.5 × 109 2.0 × 109 3.2 × 108 5.0 × 107 1.7 10.9
rHR8-1, 2, 3, 4 3.2 × 108 <103 3.0 × 103 <103 >105 >105
rHR8-0,1, 2, 3, 4 2.0 × 109 2.0 × 104 4.0 × 103 <103 2.0 × 105 5.0 × 105
hr8 (Orig.) 4.0 × 108 <103 <103 <103 >4.0 × 105 >4.0 × 105
rHR8-4/1450 2.4 × 109 <103 1.7 × 108 <103 >2.4 × 106 14.1
r1450 3.6 × 109 8.0 × 108 2.9 × 108 8.0 × 106 4.5 12.4
Fig. 3. Analysis of RNA synthesis, capping and cap methylation produced by a
VSV suppressor mutant. The indicated detergent-activated purified viruses were
used for in vitro mRNA synthesis in the presence of (A) [α32P]CTP or (B) [3H]
AdoMet, separated by gel electrophoresis and visualized by autoradiography
(A) or fluorography (B). (C) The [3H]-labeled RNA products were purified and
digested with nuclease P1, the products were spotted onto PEI plates (origin is
not shown) and analyzed by TLC, along with cap standards. The separated
products were visualized by fluorography. The positions of the markers
(developed under UV light) are indicated. (D) Similar amounts of [α32P]GTP-
labeled viral mRNA produced by the indicated detergent-activated purified virus
in the absence of AdoMet were digested with TAP and spotted onto PEI plates
and analyzed by TLC, along with unlabeled GMP standard. The positions of
GMP marker (developed under UV light) and undigested mRNA at the origin
are indicated.
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at aa 1450 was in fact the single suppressor mutation, this
change was introduced into VSV wt full-length genomic clone
alone or together with the G1481R mutation and recombinant
viruses were successfully rescued.
In vitro transcription reactions with detergent-activated
purified viruses were carried out with either [α32P]CTP or
[3H]AdoMet to assay for mRNA synthesis and cap methylation,
respectively, and analyzed by gel electrophoresis. The r1450
virus alone gave wt levels of mRNA synthesis, while the double
mutant rHR8-4/1450 synthesized a somewhat reduced amount
(49%) of RNA (Fig. 3A and Table 3). However, the double
mutant now synthesized methylated mRNA at 65% of the wt
level, compared to rHR8-4 where methylation was reduced by
90% (Figs. 1C and 3B). The r1450 virus gave wt levels of
methylation. Thus, the reconstructed viruses showed that the
addition of the suppressor mutation at aa 1450 rescued the cap
methylation defect mediated by mutation at aa 1481, and no
other viral genes were involved.
P1 digestion of the [3H]-labeled RNA and analysis of the cap
structures showed that the ratio of the GpppAm to 7mGpppAm
caps in mRNA synthesized by the double mutant was different
from that in wt RNA (Fig. 3C). Based on radioactivity in each
product, the guanine-N7 methylation was reduced (25%
7mGpppAm, 75% GpppAm) relative to wt (45% 7mGpppAm,
55% GpppAm), but the amount of this methylation was clearly
sufficient to support virus growth on nonpermissive HEp-2
cells. Prolonged exposure of Fig. 3C showed that HR8-4
synthesized only low levels of the GpppAm cap (data not
shown) as above (Fig. 2A). In addition, digestion of [α32P]
GTP-labeled RNAwith TAP gave the release of GMP showing
that all of the viruses synthesized capped RNA (Fig. 3D), as
expected. Finally, both the r1450 and double mutant viruses
showed a wt BHK/HEp-2 growth ratio, although, surprisingly,
the L1450I mutation did not correct the ts phenotype of the
rHR8-4 mutant (Table 2). Thus, a suppressor mutation at aa
1450 specifically corrected both the hr phenotype and a
methylation defect mediated by a G1481R mutation in the
VSV L protein.Site-directed mutation of the L gene identifies additional amino
acids important for cap methylation
The identification of mutations at aa 1481 and 1450 between
domains Vand VI of the L protein that affected cap methylation
Table 3
Functional analysis of VSV recombinant viruses with aa substitutions in L protein
Recombinant virus L changes Silent site a Transcription
percent of wt b
Methylation
percent of wt c
Methylation to transcription
ratio, percent of wt
r1419 R1419A NheI 27 33 120
r1427 R1427A BanI 16 11 69
r1434 G1434A BstUI 24 22 92
r1438 Y1438A ClaI 45 37 82
r1450 L1450I None 103 81 79
rHR8-4/1450 L1450I, G1481R SpeI 49 32 65
r1459 R1459A, D1460A, E1461A, E1463A PvuII 62 64 103
r1468 K1468A SphI 61 6 10
r1478 R1478A,D1479A NcoI 62 10 16
r1481A G1481A SpeI 37 3 8
r1481R (rHR8-4) G1481R SpeI 30 2 7
r1481N G1481N SpeI 15 3 20
r1482 V1482A, I1483A,V1484A PvuII 16 16 100
r1487 Y1487A BsmI 82 123 150
r1488 F1488A BspEI 30 26 87
r1508 W1508A MfeI 45 28 62
r1513 V1513A, L1514A, I1516A PstI 4 5 125
r1526 T1526A, T1527A, L1528A, L1529A PvuII 22 27 120
r1539 G1539A, K1540A, D1541A, K1542A PvuII 82 75 91
r1544 E1544A, R1546A, E1547A BsmI 34 33 97
r1551 L1551A, L1554A, L1555A PvuII 3 3 100
r1559 E1559A, E1562A, D1563A NaeI 79 73 92
r1573 I1573A, L1574A, L1575A PvuII 49 51 104
r1582 H1582A BstUI 51 32 63
r1590 K1590A, D1591A PvuII 71 60 84
r1603 R1603A, E1604A, R1606A PvuII 20 17 85
r1617 T1617A, T1618A, T1619A NotI 120 102 85
r1664 R1664A, D1665A BsmI 32 23 72
r1667 L1667A BamHI 81 52 64
r1672 G1672A AflII 39 1 3
a The indicated silent site was introduced along with the mutations for screening purposes.
b Transcription with purified virus was assayed by the incorporation of [α32P]CTP into RNA compared to wt as 100% (average of 4 experiments).
c Methylation with purified virus was assayed by the incorporation of [3H]AdoMet into RNA compared to wt as 100% (average of 4 experiments).
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important for MTase activities. Fig. 4 shows an alignment of L
sequences from eight members of the Rhabdoviridae between
aa 1419 and 1726 (in VSV-Ind). The N-terminal boundary for
the site-directed mutagenesis was selected arbitrarily, in part
because mutations at aa 1356 and 1375 in the rHR8-2 and
rHR8-3 viruses, respectively, were not defective for viral RNA
synthesis and methylation (Fig. 1). We conducted site-directed
mutagenesis in this region of L replacing clustered charged or
hydrophobic aa or completely conserved aa with alanine as
indicated in Fig. 4 and tabulated in Table 3. In addition, the
glycine at aa 1481 was changed to alanine and to asparagine for
comparison with the rHR8-4 mutation of G1481R. There were
five L mutants with changes at aa 1436, 1473, 1512, 1608, and
1694 where the proteins were completely inactive in transcrip-
tion in vitro with purified template (data not shown), and,
therefore, no virus rescue was attempted. The L mutations that
gave proteins with detectable transcription activity were then
cloned into the VSV full-length genomic clone, the recombinant
viruses shown in Table 3 were rescued, and plaque-purified.
In vitro transcription reactions with purified detergent-
activated viruses were carried out with either [α32P]CTP or
[3H]AdoMet to assay for mRNA synthesis and mRNA cap
methylation, respectively, and the quantitation of the results andthe ratio of methylation to transcription for each virus are shown
in Table 3. The mutations had widely different effects on overall
mRNA synthesis. Five viruses, r1487, r1539, r1559, r1617, and
r1667, gave 79–100% of wt levels where the alanine
substitution(s) had little effect. The majority of the viruses
gave intermediate levels of RNA synthesis (71–15% of wt)
showing that these aa positions, even in a non-conserved region
of the L protein, had contributed to maximal RNA synthesis,
while two viruses, r1513 and r1551, synthesized less than 5% of
wt RNA although virus could still be rescued. In most cases, the
level of methylation was proportional to the amount of RNA
synthesis, so the ratio of the two was 70% or greater (Table 3).
Thus, none of these viruses had significant defects in
methylation. However, there were five viruses, r1468, r1478,
r1481A, r1481N, located between domains V and VI, and
r1672, the only one in domain VI (shaded bars, Table 3), where
methylation specifically appeared to be defective as suggested
by a ratio of methylation to transcription that was less than 21%
of wt. For these latter viruses, an in vitro transcription reaction
with both [α32P]CTP and [3H]AdoMet was conducted and gave
similar results (data not shown).
Further analysis of the methylation defective viruses showed
first that each synthesized full-length mRNAs (Fig. 5A),
although, as the quantitation above (Table 3) indicated, the
Fig. 4. Sequence comparison of different Rhabdoviridae L proteins. An alignment of sequences of different L proteins belonging to the Rhabdoviridae is shown
between aa 1419 and 1726 between domains Vand VI with the NCBI database accession numbers indicated. The positions of VSV site-directed mutants are indicated
(by the aa number of the first change) in black where clustered charged or hydrophobic aa or completely conserved aa were changed to alanine. Absolute conservation
is indicated by the * below. The positions of HR1-1 and HR8-4 are indicated by open boxes.
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mRNAs, however, were decreased by greater than 80% relative
to transcription (Fig. 5B). Analysis of the caps after P1 nuclease
digestion of the methylated RNA from r1468, r1478, r1481A,
and r1481N showed that the amount of 2′-O adenosine
methylation was reduced by 80–90%, while the guanine-N7
methylation was reduced by 98–99% (Fig. 6A). Importantly,
the ratio of GpppAm to 7mGpppAm in all the mutants was
about 1 to 10 as in rHR8-4 and the original hr8mutant (Figs. 2A
and 6A, Horikami and Moyer, 1982; Horikami et al., 1984). In
contrast, r1672 showed no methylation at either position of the
cap (Fig. 6A). Each of the viruses produced capped mRNAs
since TAP digestion of about equal amounts of each [α32P]
GTP-labeled RNA released GMP (Fig. 6B), so the lack of
methylation was not due to the absence of the guanylylated
RNA substrate. Each of these new methylation defective viruses
was also hr since none grew well on the nonpermissive HEp-2
cells, although, with the exception of r1481N, they were not
quite as restricted as the rHR8-4 virus (Table 4).
Two different aa, alanine and asparagine, were substituted
for G1481 instead of the arginine in the HR8-4 mutant. While
these changes affected the amount of transcription by purified
virus, in each case, methylation was specifically defective.
Leucine (L1667 in VSV L) is highly conserved in the AdoMet-
binding site in many different viral and cellular MTases
(Grdzelishvili et al., 2005, Fig. 4), so it was a surprise that the
change L1667A in VSV L gave significant transcription and
intermediate methylation from purified virus, and the virus wasFig. 6. Analysis of mRNA cap structures produced by mutant VSV. (A) The [3H]
AdoMet labeled RNA products synthesized by the indicated detergent-activated
purified viruses were purified, digested with nuclease P1, the products spotted
onto PEI plates and analyzed by TLC along with cap standards. The separated
products were visualized by fluorography. The positions of the markers
(developed under UV light) are indicated. (B) Equivalent amounts of [α32P]
GTP-labeled viral mRNA produced in the absence of AdoMet by the indicated
detergent-activated purified viruses digested with TAP and the products were
spotted onto PEI plates and analyzed by TLC, along with unlabeled GMP
standard. The position of the GMP marker was developed under UV light.
Fig. 5. In vitro mRNA synthesis and methylation with detergent-activated
purified VSV mutants. Equal amounts of purified wt or mutant viruses were
detergent-disrupted and used for in vitro mRNA synthesis in the presence of
[α32P]CTP (A) or [3H]AdoMet (B) as described under Materials and methods.
The labeled RNA products were purified, separated by gel electrophoresis and
visualized by autoradiography (A) or fluorography (B). The positions of the N
and P mRNAs are indicated.not host-range-restricted (Tables 3 and 4). We actually
performed random mutagenesis at aa L1667 and isolated a
number of L mutants at this position. The substitution withTable 4
Comparative titers of recombinant VSV mutants in BHK and HEp-2 cell lines at
34 °C
Virus Virus titer
(PFU/ml) in BHK
at 34 °C
Virus titer
(PFU/ml) in
HEp-2 at 34 °C
Titer ratio
BHK/HEp-2
wt 2.6 × 109 6.5 × 107 40.0
rHR8-4 (r1481R) 3.0 × 109 6.0 × 104 5.0 × 104
r1468 1.6 × 109 6.0 × 105 2.7 × 103
r1478 2.4 × 109 1.6 × 106 1.5 × 103
r1481A 5.6 × 108 2.0 × 105 2.8 × 103
r1481N 2.0 × 108 <103 >2.0 × 105
r1667 2.4 × 109 5.2 × 108 4.6
r1672 2.4 × 109 1.6 × 106 1.5 × 103
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levels of transcription, however, changes to tyrosine, glycine,
glutamine, proline, serine, threonine, glutamic acid, arginine,
and lysine all gave L proteins that were completely inactive in
transcription (data not shown). Therefore, we did not attempt to
rescue viruses with these substitutions. Changes in r1664 in
domain VI gave reduced transcription but relatively normal
methylation. In addition, we also isolated L protein with the
D1671I substitution, which was completely inactive in
transcription (data not shown). This was also surprising since
the D1671V change in the HR1-1 virus gave transcription, but
no methylation (Grdzelishvili et al., 2005).
Discussion
Our laboratory previously characterized the VSV hr and ts
mutants hr1 and hr8 (Simpson and Obijeski, 1974), determined
that they were defective in mRNA cap methylation (Horikami
and Moyer, 1982; Horikami et al., 1984), and mapped both
guanine-N7 and 2′-O-adenosine cap methylation functions to
the L protein (Hercyk et al., 1988). Our recent analysis of the
hr1 virus (Grdzelishvili et al., 2005) and a study by Li et al.
(2005) demonstrated that a conserved domain VI of the L
protein is critically important for cap methylation. Together
with two independent computational predictions (Bujnicki and
Rychlewski, 2002; Ferron et al., 2002), these studies suggested
that a conserved domain VI (aa 1643–1843 in VSV) is a MTase
domain of L. Yet, many important questions remain, including
the MTase specificity of domain VI (guanine-N7 or 2′-O-
adenosine, or both?), the boundaries of the MTase domain, the
order of cap methylation, and others. Therefore, to advance the
understanding of cap methylation by VSV, we conducted
sequence-function analysis of another hr and ts VSV mutant,
hr8, which has defective cap methylation asymmetrically
affected at the guanine-N7 (1% of wt) and 2′-O-adenosine
(10% of wt) positions (Horikami and Moyer, 1982; Horikami et
al., 1984). Sequence analysis of the hr8 genomic RNA showed
five aa substitutions which all resided in the L protein. To
identify mutations determining the hr8 phenotypes, recombi-
nant viruses bearing these aa substitutions (single or multiple) in
the L protein (Table 1) were generated and tested for their ability
to methylate viral mRNA during in vitro transcription and for
their hr and ts phenotypes. The single aa substitution G1481R in
L of rHR8-4 virus nearly completely abolished cap guanine-N7
methylation (1% of wt) and severely reduced (by 90%) cap 2′-
O-adenosine methylation (Figs. 1 and 2) and had both the hr
and ts phenotypes (Table 2), thus recreating the hr8 mutant
phenotypes (Horikami and Moyer, 1982; Horikami et al., 1984).
In addition, a spontaneous suppressor mutant of the rG1481R
virus, which restored both cap methylation and growth on
nonpermissive cells (but did not revert the ts phenotype), was
identified and mapped to a single change, L1450I, in L protein
(Fig. 3).
The surprising positioning of these mutations (aa 1450 and
1481) far upstream of domain VI prompted us to conduct
extensive site-directed mutagenesis of the variable (non-
conserved) region between conserved domains V and VI, aa1419–1672 of VSV L. After the rescue and characterization of
28 recombinant viruses with L mutations (Table 3), we
identified five additional virus mutants, rK1468A, rR1478A/
D1479A, rG1481A, rG1481N and rG1672A, which were all
defective in mRNA cap methylation (Figs. 5 and 6) as well as
host restricted (Table 4).
The mutation at aa 1672 completely abolished mRNA
methylation at least under the conditions used in this paper
(Figs. 5 and 6) and thus had an identical phenotype to the
adjacent D1671V mutation in the HR1-1 mutant we described
previously (Grdzelishvili et al., 2005). This result was not
surprising because a glycine residue at aa 1672 is a part of the
highly conserved motif aa 1670 GxGxG which is predicted to
be directly involved in the AdoMet-binding of L (Bujnicki and
Rychlewski, 2002; Ferron et al., 2002). Remarkably, single
substitutions at aa 1671 (Grdzelishvili et al., 2005) and 1672
(Figs. 5 and 6) completely abolished cap methylation indicating
a possibility that both guanine-N7 and 2′-O-adenosine catalytic
sites share the same AdoMet-binding site. It is interesting that in
another study a G1674A substitution gave wt cap methylation
(Li et al., 2005). These results, moreover, are consistent with the
mutational analyses of the glycine-rich AdoMet-binding motif
in vaccinia virus (Mao and Shuman, 1996) and cellular (Mao et
al., 1996) cap MTases, demonstrating that, while the second
glycine (corresponding to the G1672 in VSV L) is essential for
MTase activity, the third glycine position in the G(D)xGxG
motif (corresponding to the G1674 position in VSV L) was not
essential.
New mRNA cap methylation mutants at aa 1468, 1478/1479,
and three alternative substitutions at aa 1481 reside within a
variable region of the L protein between domains V and VI and
display an unusual cap methylation pattern, with a 99%
reduction of guanine-N7, but only a 90% reduction of 2′-O-
adenosine MTase activity (Fig. 6). Interestingly, the aa
substitutions in r1459, r1482, r1487, and r1488 adjacent to
this region were wt in cap methylation, while the L protein with
a Y1473A substitution was inactive in mRNA synthesis.
R1468A changed a completely conserved (in Rhabdoviridae)
lysine, while aa 1479 had a conserved negative charge (Fig. 4).
For aa 1481, the Rhabdoviridae L sequences had either glycine
or asparagine. However, the rG1481N mutant gave decreased
mRNA synthesis and defective cap methylation, similarly to
rG1481A and rG1481R (Table 3). Together, these data indicate
the presence of a distinct region between aa 1450 (position of
the suppressor mutation reversing the methylation defect by a
mutation at aa 1481) and 1481 that is essential for the cap
MTase activities of the L protein.
At present, it is unclear how this region, positioned in the
variable region of L up to 193 aa upstream of domain VI,
affected L MTase activities so dramatically. It is believed that,
while the conserved domains of the L protein constitute its
enzymatic activities, the variable regions between the domains
contribute to the overall conformation of the protein. Based on
this assumption and the computer-assisted identification of the
“hinge” regions in L, the entire GFP ORF was inserted into the
region between domains V and VI in the measles virus L
protein, and, surprisingly, there was only a 40% decrease in
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L-GFP fusion virus was not tested for cap MTase activities,
growth curves showed a delayed, but ultimately, normal yield of
this recombinant measles virus, suggesting that viral mRNA cap
methylation was unaffected. The MTase deficient mutations
from aa 1468 to 1481 described here are located upstream of the
analogous insertion region of the VSV L protein, which makes
the dramatic effect of these changes on the MTase activities of
domain VI even more surprising.
We also find rather intriguing the asymmetrical effect of
the mutations at aa 1468, 1478/1479, and 1481 on the
guanine-N7 and 2′-O-adenosine MTase activities of L and
propose alternative mechanisms leading to such a methylation
pattern. First, these aa changes may specifically target a
hypothetical guanine-N7 MTase “domain” of L, resulting in
the observed nearly abolished methylation at the guanine-N7
position. This hypothesis, however, does not explain the
dramatic defect of these mutants on the 2′-O-adenosine
MTase activity of L. Therefore, a second possibility is that
these mutations specifically inhibited the 2′-O-adenosine
MTase activity of L and consequently inactivated guanine-
N7 methylation in the ordered process demonstrated in vitro:
GpppA → GpppAm → 7mGpppAm (Testa and Banerjee,
1977). Our experiments were conducted in vitro under
conditions that demonstrated this order of methylation,
which would be consistent with this hypothesis. Alternatively,
these mutations may affect the AdoMet-binding ability of the
L protein. Even though in other systems the guanine-N7 and
2′-O-adenosine MTase activities are catalyzed by completely
different enzymes, another possibility for VSV L is that one
catalytic site performs both functions. At present, it is
impossible to discriminate between all these possibilities,
partly because the order of cap methylation in VSV remains
unresolved. For example, our previous in vivo data on VSV
mRNA synthesis in the presence of the methylation inhibitor
cycloleucine (Moyer, 1981) and data on in vitro transcription
of the VSV New Jersey serotype (Hammond and Lesnaw,
1987) suggest that the reverse order of VSV mRNA
methylation (GpppA → 7mGpppA → 7mGpppAm) can
also occur. Further biochemical studies will be necessary to
discriminate between these alternative possibilities explaining
L protein defects in cap methylation mediated by mutations
between aa 1468 and 1481.
In addition to its role in cap methylation defects, the
G1481R L mutation was solely responsible for the hr and ts
phenotypes of the hr8 mutant, when recombinant viruses
bearing single and multiple hr8 mutations were titered on
permissive (BHK) and nonpermissive (HEp-2) cells at 34 °C
and 40 °C (Table 2). In addition, each of the other MTase
deficient mutants, at aa 1468, 1478, 1481, and 1672, was also
defective in growth in HEp-2 cells (Table 4), suggesting that
all mutants in cap methylation would be similarly host-range-
restricted. The association of the cap methylation defect with
the hr phenotype is consistent with our previous results linking
the hr8 HEp-2 nonpermissive infection to a viral defect in
mRNA cap guanine-N7 methylation and the consequent
nontranslatability of primary VSV transcripts (Horikami etal., 1984). Because the above approaches using recombinant
VSV were unable to determine whether the hr8 mutations had
additional (independent of cap methylation) effects on viral
RNA transcription and/or genome replication in the nonper-
missive cells, we employed an in vitro transcription and in
vivo CAT minigenome systems to assay for the effects of the
identified L mutations on viral RNA synthesis, as described by
Grdzelishvili et al. (2005). Importantly, viral RNA synthesis in
these systems was independent of the cap methylation or
translatability of VSV mRNAs since the expression of viral
proteins required for mRNA synthesis and genome replication
was directed by T7 RNA polymerase expressed by the vaccinia
virus vector (VVT-7). The presence of the hr8 mutations in the
expressed L proteins did not significantly inhibit mRNA
synthesis or CAT minigenome replication in HEp-2 cells at 34
°C and was similar to that observed in BHK cells (data not
shown). These data indicate that RNA synthesis by the hr8
RNA polymerase is not host-restrictive, suggesting that hr
phenotypes of the hr8 virus is directly associated with viral
defects in mRNA cap methylation. However, it is still unclear
whether the ts phenotype of mutant viruses in permissive cells
(at 40 °C) is related to viral defects in mRNA synthesis or cap
methylation, or both. The fact that the G1481R mutation in
virus produced the ts phenotype of the hr8 mutant suggests
that the nonpermissive infection of permissive BHK cells by
hr8 at an elevated temperature is also associated with the
MTase defects of hr8. However, the suppressor mutation
L1450I while reverting both cap methylation defects and the hr
phenotype of the rHR8-4 mutant did not correct its ts
phenotype, suggesting that hr and ts phenotypes at least in
some of the studied viruses might have different origins.
Further studies will be necessary to elucidate the complex
relationships between the two MTase activities in the VSV L
protein and the hr and ts phenotypes of mutant viruses.
Materials and methods
Cells and viruses
Baby hamster kidney (BHK-21) or human epidermal
carcinoma cells (HEp-2) were used for all virus infection and
plasmid transfection experiments. The VSV hr8 mutant and its
wt parent (VSV Indiana serotype) were provided by R. W.
Simpson, Rutgers University (Simpson and Obijeski, 1974).
The recombinant VSV were generated in permissive BHK cells
at 34 °C as described previously (Grdzelishvili et al., 2005).
VSV purification was conducted as in Banerjee et al. (1974) and
Grdzelishvili et al. (2005). Purified virus was suspended in 1
mM Tris–HCl, pH 7.4, 1 mM EDTA, 10% (CH3)2SO, aliquoted
and stored at −80 °C. Polymerase-free RNA-N template was
purified as described previously (Moyer et al., 1991). T7 RNA
polymerase was expressed by recombinant vaccinia virus
(VVT7) (Fuerst et al., 1986).
The pBS-L, pBS-P, pBS-N and pVSVFL(+) plasmids for the
expression of wt VSV (Indiana serotype) L, P, and N genes
(Stillman et al., 1995) and the full-length VSV antigenomic
RNA (Lawson et al., 1995), respectively, were kindly provided
404 V.Z. Grdzelishvili et al. / Virology 350 (2006) 394–405by Dr. John K. Rose. The QuikChange XL site-directed
mutagenesis kit (Stratagene) with pBS-L plasmid as a template
and complementary mutagenic primers were used to introduce
individual hr8 mutations (Table 1) into the wt L ORF.
Alternatively, PCR products were synthesized with the desired
mutations and cloned into NheI and AvrII silent sites introduced
into the wt L plasmid. The mutations were accompanied by a
silent restriction site for screening purposes. Primers and
sequences are available upon request. For example, pBS-L
(HR8-0) has a T148A mutation with an HaeIII silent site, pBS-
L(HR8-1) [T1097I mutation, BcgI silent site], pBS-L(HR8-2)
[A1356D mutation, HaeII silent site], pBS-L(HR8-3) [Y1375S
mutation, XhoI silent site] and pBS-L(HR8-4) [G1481R
mutation, SpeI silent site] each has one of the hr8 mutations
introduced into the wt L ORF. The pBS-L(HR8-0, 1, 2, 3), pBS-
L(HR8-1, 2, 3, 4) and pBS-L(HR8-0,1, 2, 3, 4) with different
combinations of the hr8 mutations in the L gene were
constructed by subcloning or sequential mutagenesis. The
mutations and silent sites for the site-directed mutagenesis are
given in Table 3.
Each of the L mutations was also introduced into the full-
length genomic VSV plasmid pVSVFL(+) g.1 (Lawson et al.,
1995) by replacing the SalI–HpaI fragment in pVSVFL(+) g.1
with that from the described mutant L expression plasmids. The
recombinant viruses bearing the L mutations (individual or
combined) were rescued as described previously (Lawson et al.,
1995; Grdzelishvili et al., 2005), plaque-purified, and the
presence of mutations in the L gene of each rescued virus was
confirmed by RT-PCR on the viral genomic RNA followed by
restriction analysis using appropriate silent restriction sites and
sequencing.
mRNA analysis
Viral mRNA synthesis was measured by labeling with
[α32P]CTP during in vitro transcription of equal amounts of
detergent-disrupted purified viruses as in Grdzelishvili et al.
(2005). Viral mRNA methylation was measured by the
incorporation of [3H]Met into the viral mRNA using cold
NTPs and 3 μCi of [3H]AdoMet (81.5 Ci/mmol) as a methyl
group donor, and the RNA products were purified. Overall
transcription or methylation was measured by mRNA binding
to DEAE-cellulose paper and scintillation counting, or
visualized by 1.5% agarose/8 M urea gel electrophoresis,
followed by gel fluorography for tritium-labeled products
(Grdzelishvili et al., 2005). Cap structure analysis was
conducted as in Grdzelishvili et al. (2005). Briefly, purified
mRNA produced by in vitro transcription of detergent-
activated virus with [3H]AdoMet was digested with the
nuclease P1, the products were spotted onto polyethylenei-
mine-cellulose (PEI) plates (EMD Chemicals), along with cap
standards (GpppA, 7mGpppA, GpppAm and 7mGpppAm, P-L
Biochemicals) and developed by thin-layer chromatography
(TLC) in the buffer containing 0.1 M sodium phosphate (pH
6.8, 100 ml), ammonium sulfate (30 g) and N-propanol (2 ml)
at room temperature. The markers were developed under UV
light, and tritiated cap structures were visualized by fluorog-raphy as in Grdzelishvili et al. (2005). The caps were
quantitated by cutting out the products and counting in the
scintillation counter.
To test for the presence of caps at the 5′ end of viral mRNA,
in vitro transcription by detergent-activated purified viruses was
conducted with [α32P]GTP in the absence of AdoMet. The
RNA was purified and digested with tobacco acid pyropho-
sphatase (TAP) (Epicentre), and cap-dependent release of
[α32P]GMP was analyzed by TLC, exactly as in Grdzelishvili
et al. (2005).
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